Abstract The use of lignocellulosic materials as substrate for bioethanol production is considered a cost-effective approach to make the biofuel production process economically sustainable. However, lignocellulosic hydrolysis releases toxic compounds such as weak acids which inhibit microorganism growth and ethanol production. In order to understand the physiological response of Saccharomyces carlsbergensis when fermenting glucose in the presence of formic acid (HF), the yeast growth was monitored by multi-parameter flow cytometry. Cytoplasmic membrane potential decreased as the HF concentration increased and as the yeast culture reached the stationary phase. However, the proportion of cells with permeabilized membrane did not increase with the HF concentration increase. The accumulation of reactive oxygen species was also monitored. Control and fermentations at low HF concentrations (<1 g/L) resulted in a high proportion of highly oxidized cells at the stationary phase. The multi-parameter flow cytometry approach proved to be a useful tool to monitor the physiological stress response of S. carlsbergensis growth and ethanol production in the presence of HF, an inhibitor present in lignocellulosic hydrolysates. The information here obtained at near real time can be used to enhance second-generation bioethanol production process efficiency.
Ethanol has been considered an alternative fuel for Otto engines. Most bioethanol produced today takes advantage of ethanologenic microorganisms fermenting agricultural products such as sucrose from sugarcane or glucose derived from starch-based crops such as corn, wheat, and cassava. However, the current technology based on these crops is not economically accepted because it will compete for the limited agricultural land available for food and feed production [2] . To enable a more substantial increase in worldwide ethanol production capacity, lignocellulosic substrates from agricultural, industrial, and municipal wastes and forest residues also need to be used [3] . Lignocellulosic materials contain sugars polymerized into cellulose and hemicellulose which can be liberated by hydrolysis and subsequently fermented to ethanol by microorganisms [4] . However, during the hydrolysis, together with the monosaccharides, a wide range of compounds which are inhibitory to microorganisms are formed and released. Weak acids such as acetic (HAc), formic (HF), and levulinic acids are some of the released inhibitors in concentrations that may reach up to 10 g/L [3, 4] . These compounds derive mainly from the acid hydrolysis of cellulose and hemicellulose.
Therefore, during lignocellulosic hydrolysate fermentations for bioethanol production, the yeast cells are exposed to adverse conditions such as the presence of inhibitory compounds and of ethanol, which affect the cell metabolism. It has already been reported that ethanol and weak acids affect the membrane potential and integrity [3, 5, 6] . In addition, reactive oxygen species (ROS) which are normally by-products of cell metabolism may also accumulate as a stress response to the presence of the ethanol and other inhibiting compounds from lignocellulosic hydrolysates [7] .
Some works have already studied the effect of HAc and HF over yeasts, but only in terms of biomass and ethanol production [8, 9] . However, no comparison between the yeast's physiological responses to these toxics has yet been reported.
Recently, our group has reported the effect of HAc on Saccharomyces carlsbergensis ATCC 6269 growth and ethanol production by multi-parameter flow cytometry [10] . For the first time, this technique allowed understanding the yeast cells' physiological stress response to fermentative processes in the presence of a weak acid. Indeed, if the mechanisms of inhibition are elucidated, ethanol fermentation efficiency can be improved by optimizing the process strategy.
Nevertheless, in order to understand the synergistic effects of the inhibitors present in the lignocellulosic hydrolysates on the yeast cell physiology, it is essential to monitor the effect of the individual inhibitors, before studying their combination. So, the present work describes the use of multi-parameter flow cytometry (FC) to monitor membrane potential and integrity, and ROS formation during S. carlsbergensis fermentation and growth in the presence of HF, an inhibitor compound which is present in the lignocellulosic hydrolysates.
Materials and Methods

Microorganism
The strain S. carlsbergensis ATCC 6269 was used in this study. The yeast was maintained in slants (glucose 20 g/L, agar 20 g/L, peptone 10 g/L, yeast extract 5 g/L) at 4°C.
Fermentation Conditions
The fermentation medium (MC) contained (NH 4 ) 2 
, and glucose (50 g/L) as carbon source. Initial medium pH for all the experiments was adjusted to 5.
Ethanol fermentation assays were carried out in 1-L shake flasks provided with a rubber stopper and needle and containing 500 mL of MC sterilized in an autoclave for 15 min at 120°C. Inoculation was performed with S. carlsbergensis cells (150 mg/L) harvested by centrifugation (10 min at 11,200×g, Heraeus Biofuge 28RS) from an exponential-phase preculture in MC. The experiments were conducted in a rotary shaker (G5, New Brunswick Scientific) at 30°C and 150 rpm.
To evaluate the tolerance of the yeast S. carlsbergensis to HF, the compound was added to the MC in fermentation assays at the final concentrations of 0.5, 1, 5, 10, 15, and 20 g/L. The chosen approach was the use of synthetic media supplemented with known amounts of HF to evaluate its effect on S. carlsbergensis physiology. A study using real hydrolysates would not allow understanding the impact of a specific inhibitor due to their complex composition, which is necessary to understand the synergistic effects of two or more inhibitors. Control experiments without inhibitor addition were conducted under the same conditions. Samples were taken whenever needed and analyzed for growth evaluation (measurement of optical density at 640 nm) and FC analysis, prior to centrifugation (Sigma 201, Sigma; 5,000 rpm; 30 min) and filtration (cellulose acetate membranes; diameter 13 mm; 0.2 μm) for glucose, HF, and ethanol determination by HPLC.
Analytical Methods
The main analytical methods used were HPLC and FC. The main description was already published in a previous article [10] , and so, only an outline will be given here. FC was used to monitor the physiological stress response of S. carlsbergensis cells during the fermentations, using a FACSCalibur flow cytometer (Becton-Dickinson). Propidium iodide (PI; Molecular Probes, P-1304) and 3,3-dihexylocarbocyanine iodide (DiOC 6 (3); Molecular Probes, D-273) were used in combination in this study to monitor the yeast membrane integrity and potential. Dihydrorhodamine 123 (DHR) was used to detect intracellular cellular ROS accumulation. In addition, biomass (OD 640 ), glucose, ethanol, organic acids, and pH were measured throughout the fermentations.
Results and Discussion
Fermentation Profiles Figure 1 shows the fermentation profiles during S. carlsbergensis growth in the absence and in the presence of HF. It can be seen that the presence of the inhibitor decreased the maximum biomass concentration, from 3.9 g/L for the control to 1.3 g/L in the presence of 20 g/L HF, while increasing the HF concentration ( Fig. 1a ; Table 1 ). This effect can also be evaluated in the X max / X max 0 ratio, which was reduced to 70 % for the fermentation at 20 g/L HF compared to the control experiment. The biomass yield Y X/S and Y X/S /Y X/S 0 ratio showed the same evolution trend ( Table 1 ). The specific growth rate μ was reduced by the presence of the inhibitor, as shown in Table 1 , particularly for concentrations above 5 g/L, as observed by the μ/μ 0 ratio. The lag phase had the same duration for the experiments at HF concentrations up to 10 g/L (2 h). Only high concentrations of the inhibitor (15 and 20 g/L) induced longer lag phases (8 and 47 h, respectively; Table 1 ). A similar lag phase enlargement behavior was observed when S. carlsbergensis ATCC 6269 was grown in the presence of increasing concentrations of acetic acid (HAc) [10] . In the latter case, the yeast did not grow at 20 g/L HAc (333.3 mM HAc versus 434.8 mM HF). These results suggest that HAc affects more negatively the yeast growth than HF.
As expected due to acid metabolites production, usually observed during the yeast growth [11] , the pH values dropped along the exponential phase of the fermentations until reaching the stationary phase. Indeed, HAc production was detected in all the fermentation broths at (Fig. 1b) . At 15 g/L HF, the pH was constant all over the experiment (~5), and at 20 g/L, it slightly increased after t = 54 h. However, the strong differences observed could not be only a result of the reduction in HAc production, but also a result of a buffering effect that was probably generated by the NaOH solution addition to adjust the initial pH. This might explain the abrupt pH changes during the time course of the fermentations at low HF concentration, and the pH stability maintained for the fermentations at higher HF concentrations, as a result of the different NAOH volumes initially added, therefore increasing the buffering strength with the HF concentration [12] .
In Fig. 1c , the glucose consumption profiles during the fermentation processes can be observed. The glucose was completely exhausted for the control and the fermentations containing HF up to 15 g/L after 23 h, but for the fermentation containing 20 g/L, the glucose uptake was slower and the substrate was not completely consumed (residual glucose was 7 g/L after t = 70 h).
The ethanol production is depicted in Fig. 1d where it can be seen that the production was negatively affected by the presence of HF. However, the effect on the growth inhibition was more intensive than that on the ethanol production (for instance, while the ethanol production was not affected by the presence of 0.5 g/L HF, growth was reduced by 16 % when compared to the control; Fig. 1a, d ). These results are in accordance with the results reported by Taherzadeh et al. [13] and Oliva et al. [14] . Comparing the ethanol yields of S. carlsbergensis ATCC 6269 and Saccharomyces cerevisiae (Jästbolaget AB)- [4] , the former depicted a higher ethanol yield for the same HF concentration, revealing a higher tolerance of this strain to this inhibitor.
The toxicity of weak acids such as HF is pH dependent since it is the undissociated form that diffuses through the cell membrane [15] . At extracellular pH values below the pKa value of the acid, the fraction of undissociated acid and, thereby, also the toxicity increased. In the present case, the extracellular pH dropped during the fermentations at concentrations up to 10 g/L HF, and the drop was more pronounced for the control and the fermentations at low (Table 2 ). Yet, the concentration of the undissociated form of HF increased as the HF total concentration increased ( Table 2) . As undissociated forms of weak acids diffuse through the cytoplasmic membrane, they will dissociate inside the cell due to the higher intracellular pH and the degree of dissociation will depend on the intracellular pH [3] . In order to maintain intracellular pH homeostasis, protons must be transported across the membrane by the action of plasma membrane ATPase. This results in an increase in ATP consumption, and, consequently, biomass formation will be reduced and ethanol production may increase [13] . This explains the biomass yield decrease as the HF concentration increased (Table 1) . Indeed, it has been reported that low levels of acetic, levulinic, or formic acids increased the ethanol yield, whereas ethanol yield decreases at higher weak acid concentrations [3] . So, depending on the yeast growth conditions, the net result may therefore be either an increase or a decrease of the ethanol production [13] . In the present study, ethanol yield decreased as the inhibitor concentration increased in the range studied (Table 2) which is in accordance with the results reported by Oliva et al. [14] . The same trend was observed when S. carlsbergensis was grown in the presence of HAc [10] .
S. carlsbergensis Physiological Responses to HF Presence Monitored by Flow Cytometry
Membrane Potential and Permeability Figure 2 shows the DiOC 6 (3) fluorescence versus PI fluorescence density plots of S. carlsbergensis cells taken at the exponential, stationary, and late stationary phases for the control and fermentations in the presence of increasing HF concentrations. For samples collected during the exponential phase ( Fig. 2a-g ), as the inhibitor concentration increased, the DiOC 6 (3) mean fluorescence decreased. In fact, it is known that HF induces dissipation of cytoplasmic membrane potential due to the influx of the undissociated form that disrupts the proton gradient across the cytoplasmic membrane, as described by Mira et al. [16] . (Fig. 2h-n) in all the fermentations, which was probably due to adverse conditions (acid toxicity and carbon depletion/limitation at this stage; Fig. 2b, c) .
A proportion of cells with permeabilized membranes (subpopulation c) (~9 %) could be distinguished at this later stage for the control and fermentations at low HF concentrations (0.5 and 1 g/L; Fig. 2h-j) . This could be due to the ethanol presence at higher concentrations (Fig. 1d) and to the lower extracellular pH values (Table 2) . Under the latter conditions, the weak acids in the fermentation media (HAc in the control and HAc and HF in the other cases) were predominantly in their undissociated form, the most toxic to yeast cells [15] . In fact, it has been reported by Leão and Van Uden [17] that the presence of ethanol stimulates the passive proton influx, decreasing the intracellular pH. Therefore, the low extracellular pH values (weak or absent buffering effect), in association with the higher ethanol concentrations observed for the control and fermentations at low HF concentrations, may explain the stressed subpopulation made up of cells with permeabilized membrane found at the stationary phase. Figure 2o -u shows the DiOC 6 (3) versus PI density plots obtained for cells taken at the late stationary phase. Samples from the control fermentation showed the highest proportion of cells with permeabilized membrane (subpopulation c, 42 %; Fig. 2o ) when compared to the fermentations containing HF (Fig. 2p-u) . During the stationary phase of the control, the extracellular pH attained the lowest value (pH = 3.1; Table 2 ). In fact, the synergistic association of HAc and ethanol presence at the lowest extracellular pH observed for the control, together with the carbon (energy) source depletion, seemed to be responsible for the higher cell damage level observed in this fermentation. Indeed, it has been reported that intracellular acidification caused by dissociation of weak acids is intensified by ethanol, and may deplete cellular energy reserves, if the ATP demand to maintain a constant intracellular pH is too high, resulting in cell death [8] .
In the same way, the DiOC 6 (3) versus PI density plots concerning the fermentations at 0.5 and 1 g/L, at the late stationary phase (Fig. 2p, q) , also showed some proportion of cells with permeabilized membranes, but in a less extension (12 and 8 % for the fermentations at 0.5 and 1 g/L HF, respectively). This was expected since the extracellular pH was higher (pH = 3.7 and 3.9 for the fermentations at 0.5 and 1 g/L, respectively) compared to the extracellular pH of the control (Table 2) .
Cells taken from the fermentations carried out in the presence of higher HF concentrations (>5 g/L; Fig. 2r-u) during the late stationary phase revealed a low DiOC 6 (3) mean fluorescence, indicating that the cytoplasmic membrane remained depolarized, as observed for the stationary phase (Fig. 2k-n) . The ethanol concentrations detected in the fermentation broths at higher HF concentrations were lower compared to the ethanol produced by the fermentations at low HF concentrations, thus resulting in less influence of the ethanol on the passive proton influx (thus on the intracellular pH) and thus less damage for the yeast cells.
Comparing these results with those obtained in the previous work where S. carlsbergensis cells were grown in the presence of HAc [10] , it can be concluded that HAc promotes the depolarization of the yeast cytoplasmic membrane in the same way as HF. However, the presence of HAc induces a much higher proportion of permeabilized cells all over the fermentation process, particularly at the stationary and late stationary phases [10] .
ROS Accumulation
It has been reported that S. cerevisiae, when grown in the absence of oxygen, activates NADP(H)-dependent pathways, which produce significant levels of H 2 O 2 , · O 2
−
, and · OH [18, 19] . It has also been shown that during alcoholic fermentations, yeast cells are subjected to effects of nutritional and environmental stress factors whose synergistic activities can result in ROS production and in the generation of a stress condition [18] . Indeed, ROS are known to damage DNA, proteins, lipids, and the cytoskeleton and to induce programmed cell death [7] . Figure 3a -u shows the histograms concerning the mean DHR fluorescence measured during fermentations in the presence and absence of HF. While the DHR histogram concerning exponential-growing cells from the control shows only one subpopulation (I) characterized by low but homogeneous mean DHR fluorescence intensity (Fig. 3a) , the DHR fluorescence histograms corresponding to cells collected at the stationary and late stationary phases show two peaks (I and II), indicating that the proportion of cells containing ROS intracellular levels (peak II) increased as the culture aged (Fig. 3b, c) . This was probably due to the simultaneous adverse and harsh conditions that cells from the control experienced when the stationary phase was attained, such as carbon source exhaustion and acid metabolites and ethanol presences in high concentrations, as described above. The same tendency was observed for the fermentations at 0.5 and 1 g/L of HF but in a less extension (Fig. 3d-i) .
As the inhibitor concentration increased, the peak displaying higher DHR fluorescence signal (II) disappeared at the stationary phase, indicating that the proportion of highly oxidized cells decreased. This could be due to the extracellular pH increase and ethanol
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Late stationary phase Fig. 1b) . A similar behavior was also observed by the same authors for the yeast grown in the presence of HAc, although the subpopulation displaying higher DHR fluorescence only disappeared for fermentations at HAc concentrations above 5 g/L [10] . These results, together with those reported in the previous sections, support the conclusion that HAc is more toxic to S. carlsbergensis yeast cells than HF.
Indeed, HF has been described as being more toxic than HAc to yeast cells because it is less hydrophobic (lower log P value) and its smaller molecule diffuses easier [7, 8] . However, the results obtained by FC in this work and in the previous one where acetic acid was studied [10] clearly show the opposite.
The explanation of these observations may lie on the difference between HAc and HF pKa values (4.75 for HAc and 3.75 for HF): for the same external pH level (5.0) and the same total weak acid molar concentration, the amount of the undissociated form of HAc is 1 order of magnitude higher, which may result in the diffusion of a substantially higher proportion of undissociated HAc molecules throughout the cell membrane, resulting in a stronger toxicity effect on the yeast cells. A comparison between the yeast's physiological stress responses monitored by flow cytometry, when grown in the presence of HAc and HF, had never been reported before.
Conclusions
The multi-parameter flow cytometry approach has proved to be a useful tool to monitor the physiological stress response of S. carlsbergensis when the yeast was grown in the presence of weak acids such as HF, major inhibitors resulting from lignocellulosic material hydrolysis. The information obtained at near real time can be used for bioethanol production process management allowing for establishing process control strategies towards maximization of yeast inhibition phenomena and maximization of the ethanol production.
